N-cadherin mediates physical linkages in a variety of force-generating and load-bearing tissues.
Introduction:
Within tissues, the primary functions of cell-cell adhesions are to enable structure formation, maintain mechanical integrity, and facilitate signal transmission [1, 2] . These functions require cell-cell adhesions to resist mechanical loads. This is enabled by a variety of sub-cellular structures, such as adherens junctions (AJs) and synaptic junctions (SJs), in different cellular contexts. Traditionally, the mechanical integrity of these structures is thought to be mediated by cadherins, a large family of transmembrane proteins with over 100 members [3] . These proteins simultaneously form calcium-dependent adhesive interactions between cells, and link to the stiff actin cytoskeleton through interactions with catenins and a variety of other scaffolding proteins [1, 4] . However, recent advances in the emerging field of mechanobiology have demonstrated that cell-cell adhesion is not solely mediated by the passive, adhesive interactions of cadherins and other proteins. Instead, tensile forces play a key role in the formation and stabilization of cell-cell adhesions [5] [6] [7] [8] [9] [10] . These tensile forces activate mechanosensitive signaling pathways through the alternation of protein conformations and the formation of new protein-protein interactions. Most research has focused on the mechanobiology of AJs formed by epithelial or endothelial cells, which are mediated by the classical cadherins E-cadherin and VE-cadherin, respectively [1, 11] .
Excitingly, these studies are revealing new insights into the mechanical aspects of tissue development, wound healing, and the initiation of mechanosensitive diseases including cancer and atherosclerosis; however, the mechanosensitive roles of the other cadherin family members in various tissue types are not as well understood.
In many tissues, cell-cell adhesion is mediated by AJs/SJs containing another classical cadherin, N-cadherin [2, 12, 13] . Loss of N-cadherin results in embryonic lethality due to a wide variety of malformed tissues, including cardiovascular and neural tube defects [14] . Like other cadherins, the primary function N-cadherin-based AJs was thought to be the regulation of adhesion of mesenchymal or neuronal cells through homotypic interactions. Recent evidence has revealed other mechanical functions for these structures. N-cadherin based AJs transmit substantial mechanical loads in a variety of cell types, including cardiomyocytes [15] , myogenic cells [16] , HGF-treated transformed epithelial cells [17] , and within heterotypic cadherin linkages formed between cancer-associated fibroblasts and cancer cells [18] . N-cadherin based AJs also respond to altered mechanical cues by changes in size and adhesion strength [19] [20] [21] , demonstrating a key role for mechanosensitive process in these structures. Notably, N-cadherin forms homotypic interactions with distinct physical characteristics from other cadherin pairs. Key differences include different affinities and disassembly kinetics in homotypic interactions [22, 23] .
These data suggest that N-cadherin functions as a mechanosensitive protein similar to other classical cadherins, but likely has distinct roles due its differential expression pattern and distinct biophysical properties. However, further progress is limited by a lack of tools for probing the mechanics of N-cadherin on the molecular scale. Therefore, in this work we sought to develop, validate, and utilize a novel biosensor for studying the forces experienced by N-cadherin in a variety of cell types.
Specifically, we sought to study mechanical roles of N-cadherin in two systems, one involving homogenous junctions containing similar proteins within the linked membranes of the neighboring cells, and another involving heterogeneous junctions with distinct compositions in the linked membranes. The first system we chose is vascular smooth muscles (VSMCs). These are the most abundant cell in the blood vessel wall and are known to play key roles in a variety of physiological and pathological processes, including blood pressure regulation and neointima formation [24] . Importantly, within the vessel wall, healthy VSMCs physically interact to form a layered, circumferential arrangement that provides structural integrity and changes the diameter of the vessel in response to coordinate changes in VSMC force generation [25, 26] . Remodeling and diseased vessels are commonly characterized by a loss of this organized arrangement and a reduction in the physical linkages between cells, suggesting a key role for VSM cell-cell adhesion in these processes [27, 28] . N-cadherin is the most abundant cadherin in VSMCs and is thought be the primary mediator of mechanical linkages [29] . Consistent with this idea, Ncadherin mediates the formation of homogenous AJs in these cells. These AJs exhibit a large degree of structural variability, ranging from several micron long puncta to 50 micron long ribbonlike structures that run the entire length of the cell depending on the exact cellular context [28, 29] . Furthermore, N-cadherin is implicated in the regulation of VSMC migration, growth, and apoptosis as well as having a key role in the mechanosensitive physiological and pathological process, including the myogenic response, the maintenance of barrier function, and post-injury vasculature repair [28, [30] [31] [32] [33] . Thus, a greater understanding of the mechanical loads experienced by N-cadherin in VSMCs is likely to inform several key aspects of cardiovascular physiology and pathophysiology.
For the second system containing heterogenous cell-cell contacts, we chose to focus on the excitatory synapses within rat hippocampal neurons. Excitatory synapses in hippocampal neurons underlie learning and memory formation [34] . Synapses mediate the directional flow of signals from axons to dendrites through the tightly regulated formation of mechanically-coupled, heterogenous pre-and post-synaptic compartments [35] . The majority of excitatory synapses form on specialized post-synaptic dendritic spines that cluster glutamate receptors and adhesion proteins adjacent to the pre-synaptic axon terminal [36] . Changes in excitatory synapse shape and size occur in response to neural activity [37] . For example, during synaptic strengthening, dendritic spines increase the area of the excitatory synapse by adopting a mushroom-shape to increase the membrane surface area adjacent to the pre-synaptic axon terminal [34] . These synaptic changes mediate long-term potentiation (LTP), a persistent strengthening of synapses due to recent neural activity that is a key first step in memory formation [34, 38, 39] . Defective spine morphogenesis and synaptic plasticity in response to neurotransmission are associated with impaired LTP as well as a variety of cognitive defects including neurodevelopmental disorders, psychoses, and neurodegenerative diseases [40] . N-Cadherin is the major cadherin subtype of the brain and is enriched at excitatory synapses [41] [42] [43] . Early research into SJs proposed that cadherins stabilize, or "lock-in", pre-and post-synaptic connections, thereby generating mature synapses [44] . Consistent with this idea, N-cadherin has been demonstrated to mediate mechanical linkages between pre-and postsynaptic membranes, and, through interactions with catenins, enable the local coupling of the cytoskeletons of the two neurons as well as the coordinated regulation of actin dynamics [21, 41] .
Furthermore, N-cadherin is a key mediator of synaptogenesis, spine plasticity, neural network formation, and LTP [45] [46] [47] [48] [49] . Non-muscle myosin, particularly the myosin IIb isoform, has also been identified as key mediator of synapse plasticity and LTP [33, 50, 51] . Strikingly, in response to inhibition of either N-cadherin or myosin, dendritic spines lose the mushroom-shape indicative of mature SJ and revert to a filopodia-like immature phenotype [50, 52, 53] , suggesting a mechanosensitve role for N-cadherin at the SJ. Thus, a greater understanding of the mechanical loads experienced N-cadherin in SJs is likely to inform several key aspects of synaptic plasticity, LTP, and potentially memory formation.
To probe the mechanical force experienced by N-cadherin, we generated, validated, and utilized a novel Forster Energy Transfer (FRET)-based biosensor. In VSMCs, the sensor indicates that N-cadherin experiences non-muscle myosin II (NMII)-dependent forces within AJs but is unloaded in other parts of the cell. Interestingly there is no identifiable relationship between AJ size and N-cadherin tension in this system, likely consistent with previously observed homeostatic regulation of protein load [54, 55] . In neurons, the sensor also reveals the existence of NMIIdependent forces. These forces increase in larger SJ and in response to excitatory NMDA receptor activation, indicating an absence of homeostatic regulation of N-Cadherin load. To address whether synaptic signaling events are altered downstream of NMII-mediated tension, we examined Src family kinase signaling, which has been shown to be activated by mechanical tension in other systems [56, 57] . Using a combination of a SH2-GFP biosensor and phosphospecific antibodies [58, 59] , we show that NMII-dependent force generation promotes Src signaling at the synapse, leading to phosphorylation of the NMDA receptor. In total, this work shows that N-cadherin load is subject to cell-specific forms of regulation and that mechanosensitive signaling occurs within synapses, consistent with the emerging idea that the synapse functions as a mechanosensory unit of the brain.
Results:

Generation and Validation of an N-Cadherin Tension Sensor
Recently, we and others have developed a variety of genetically-encoded FRET-based sensors that report the molecular forces experienced by specific proteins in living cells [8, 55, 60, 61] . These engineered proteins are created by the insertion of a tension sensing module, which is typically comprised of an extensible spring-like domain between two fluorescent proteins (FPs) capable of undergoing FRET, into the protein to be studied (Fig. 1A) . As force is applied, the spring-like domain extends, leading to the separation of the FPs and an opticallydetectable loss in FRET efficiency. In this work, a tension sensing module containing an extensible domain derived from flagelliform, a component of spider silk, and the mTFP1 and mVenus FRET pair, donor and acceptor FPs, respectively, was used [60] . Notably, the flagelliform-based tension sensing module (TSMod-F) is calibrated, and measurements of FRET efficiency can be converted into the molecular forces experienced by the engineered protein [60] .
To create an N-cadherin tension sensor (NCadTS), we followed the design of the existing VE-cadherin tension sensor [9] . Specifically, we inserted TSMod-F at amino acid 826 (Fig. 1B) . The insertion cite is between the biding sites of p120-catenin, which plays a key role in maintaining cadherins at the membrane, and β-catenin, which in combination with α-catenin mediates linkages to the force-generating actomyosin cytoskeleton [1] . To enable validation of the new biosensor, a variety of control constructs were also developed. A tension-insensitive control senor without the "tail", or C-terminal region of N-cadherin, was created and termed NCadTL (Fig. 1B) . This construct lacks the β-catenin binding site required for α-cateninmediated linkages to the actomyosin cytoskeleton and is not expected to bear substantial load, as has been observed in control constructs for previously developed tension sensors for various cadherins [8, 9] . To enable probing of N-cadherin dynamics, a C-terminally tagged version of NCadherin, termed NCadVenus was also constructed ( (Fig. 1D) . For subsequent experiments, we used A10 cells, a rat VSMC line which lacks endogenous N-cadherin expression [62] . Fluorescence Recovery After Photobleaching (FRAP) was used to determine if insertion of TSMod-F affects the dynamics of N-cadherin through analysis of A10 cells that were transiently transfected with either NCadTS or NCadVenus. Recovery dynamics showed no significant differences between NCadTS and NCadVenus ( Fig. 1E ), consistent with no major perturbations in N-cadherin function due to the incorporation of TSMod-F.
To increase the throughput of subsequent experiments, A10 cells were stably reconstituted with either NCadTS or NCadTL using lentiviral transduction and subjected to FACS analysis to identify cells with similar expression levels. Western blot analysis shows that both proteins were produced as a single band at the expected molecular weight (Sup Fig 1A) .
The ability of NCadTS to mediate AJ formation in cells lacking N-cadherin was probed in A10 cells through the ability to recruit β-catenin, as was done to validate a previously designed tension sensor for E-cadherin [8] . Notably, AJ restoration does not occur in cells expressing NCadTL, which lacks the β-catenin binding site, but does occur in cells expressing NCadTS (Fig. 1F,G) . Previous work has shown that a vinculin tension sensor is robust to fixation [63] . As For accurate interpretation of the tension sensors, FRET must occur intramolecularly and not intermolecularly. To enable detection of intermolecular FRET, A10 cells were stably reconstituted with control constructs harboring a point mutation that renders either mTFP1 or mVenus non-fluorescent, or "dark" [9] . There constructs are termed NCadTS-dmTFP1 and NCadTS-dVenus, respectively (Sup Fig. 2A ). Successfully transduced cells were isolated through FACS and cells were fixed and subjected to FRET imaging. Cells with expression levels approximately equivalent to the those of the analyzed NCadTS expressing cells and having an approximately 1:1 expression ratio of the two constructs were selected through analysis of the mVenus intensity and the ratio of donor to acceptor concentration [64] . FRET efficiencies of less than 5% are observed using the intermolecular FRET controls (Sup. Fig. 2C ), which is a commonly assumed experimental noise for these types of experiments [65] .
In total, these data show that insertion of TSMod-F into N-cadherin does not affect the localization, dynamics, or ability to interact with key binding partners, demonstrating the ability NCadTS to accurately reflect the characteristics of N-cadherin. Furthermore, the sensor can be used in fixed cells and no intermolecular FRET was observed. Thus, measurements of FRET efficiency from NCadTS can be used to determine the molecular forces by N-Cadherin.
N-Cadherin Experiences Non-Muscle Myosin II-dependent Forces within the AJs of VSMCs
To evaluate response of the sensor to alteration in cellular force generation, confluent A10 cells stably expressing either NCadTS or NCadTL were fixed, subjected to FRET imaging, and the apparent loads within AJs were determined. Expectedly, NCadTL exhibits FRET Efficiencies near 28.6% corresponding with our previously established "zero-force" state [66] ( Fig. 2A,E) . NCadTS exhibited statistically significantly lower values of FRET Efficiency, 23.6%, consistent with the tension sensor experiencing average loads of 1.65 pN (Fig. 2B,E) .
Furthermore, NCadTS and NCadTL localized outside of AJs were not subject to significant mechanical loads (Sup Fig. 3A,B) . Thus N-cadherin does not appear to be constitutively loaded, as has been observed in E-Cadherin [8] . To determine the cause of the mechanical loading, cells were treated with blebbistatin, a potent inhibitor of NMII ATPase activity. NMII inhibition did not alter FRET in the tension insensitive NCadTL control (Fig. 2C,E) , but resulted in the complete unloading of NCadTS (Fig. 2D,E) . Previous work in cadherin mechanobiology has investigated the relationship between the forces at junctions and the size of an AJ, with strong correlation being observed in some systems. N-cadherin tension was not correlated with AJ size or the amount of N-cadherin with a junction (Sup Fig 4) . In total, these data demonstrate that NCadTS is capable of reporting molecular forces in living cells and show that N-Cadherin within AJs of VSMCs is loaded by NMII-dependent forces.
Increased Non-myosin II-dependent N-Cadherin Tension is Associated with Synapse Maturation
To probe the applicability of NCadTS to other systems we sought to determine whether N-cadherin experiences forces within synapses formed by rat primary hippocampal neurons. A C-terminal N-Cadherin-GFP construct predominantly localizes to excitatory glutamatergic synapses, where it is concentrated at the tip of post-synaptic dendritic spines (Fig. 3 A,B) [67] .
NCadTS and NCadTL exhibit a similar synaptic localization (Fig. 4A , see mTFP1 donor image), demonstrating the constructs exhibited the expected behavior in this system. To limit the number of required control constructs and simplify analyses of these synaptic puncta, we used ratiometric imaging to quantify FRET . This type of imaging and analysis produces a semi-quantitative FRET Index which, unlike FRET Efficiency measurements, cannot be used to determine the forces experiences by the sensor [68] . However, the indexes can be used to determine relative changes in FRET and the loads experienced by tension sensors within the sensitivity limits of the sensor, which are known to be 1-6 pN for the sensor used in this work. [60] .
For NCadTS, the FRET index decreased to ~83.6% of that observed in NCadTL, demonstrating that N-Cadherin is under force at synapses of rat hippocampal neurons (Fig. 4B) .
Furthermore, we observed decreased NCadTS FRET primarily in larger, more mature spines (Fig.   4A , compare mushroom-shaped dendritic spine in box b with the less mature dendritic spine in box a). We quantified N-Cadherin puncta size as a readout for spine maturation based on our previous observation that the average post-size of synaptic density is approximately 0.2 µm 2 in rat hippocampal neurons, but increases with NMII activation [50] . N-Cadherin puncta with sizes greater than or equal to 0.2 µm 2 have significantly lower FRET than smaller puncta, while no size dependence is observed in synapses containing NCadTL (Fig. 4C) . As our previous research demonstrated that NMII drives the shape changes association with spine maturation [50, 53] we therefore hypothesized that NMII generates the observed loading of N-cadherin within synapses.
Blebbistatin significantly increased NCadTS FRET (Fig. 4D) , identifying NMII as the cause of mechanical loading. Overall, these data demonstrate the NMII-generated forces load N-cadherin with synapses and that these loads are increased in larger, more mature synapses.
Excitatory Stimulation Increases Force Generation
Excitatory stimulation of NMDA receptors promotes spine maturation and synapse formation, strengthening the synapse during LTP [34] . NMDAR-driven synaptic strengthening also requires NMII activity [50, 53] . We therefore hypothesized that excitatory stimulation of NMDA receptors would increase tension across N-Cadherin, resulting in decreased FRET by
NCadTS. Glycine exposure, a process often referred to as chemical LTP, was used to stimulate the NMDA receptor [69] , and resulted in mature mushroom-shaped spines with larger N-Cadherin puncta ( Fig. 5 A,B) . Chemical LTP increased tension across N-Cadherin as demonstrated by a significant decrease in FRET when compared with untreated controls (Fig. 5C) , consistent with the increased mechanical loading of N-cadherin in response to neuronal activation.
Myosin-II-mediated Force Generation Regulates Src Signaling at Synapses
Src-family kinases are known to play a key role in regulation of NMDAR activity during synaptic potentiation [70] and is often involving in mechanosensitive signaling [56] . Therefore, we sought to determine whether NMII activity regulates synaptic Src family kinase signaling. To do so, we used a fluorescent Src SH2-GFP biosensor to visualize the location of active Src in rat hippocampal neurons [58] . Src SH2-GFP localizes to excitatory synapses (Fig. 6A ). Y-27632-mediated NMII inhibition reduces this synaptic enrichment, as visualized through time-lapse imaging of the resulting displacement of the SH2-GFP from the synapse coincident with reversion to filopodia-like spine precursors (Movie 1). As the Src-mediated phosphorylation of the NMDAR subunit GluN2B at Tyr 1252 potentiates Ca 2+ influx important for synaptic potentiation [71] , we sought to determine, if this key event is regulated by NMII activity. In untreated samples, NMDAR pTyr1252 localizes to excitatory synapses (Fig. 6B) . Blebbistatin treatment reduces GluN2B pTyr1252 puncta size (Fig. 6C) , consistent with NMII-mediated regulation of synaptic Src signaling events.
Discussion:
In this study, we developed a genetically encoded FRET-based tension sensor for NCadherin, the classical cadherin most commonly found in a variety of load-bearing or forcegenerating cell types, including fibroblasts, chondrocytes, smooth muscle cells, cardiomyocytes, and neurons. Specifically, we investigated the forces experienced by N-cadherin within AJs in VSMCs, and SJs in neuronal synapses. While the loading of N-cadherin was dependent on NMIIactivity in both systems, the relationships between AJ/SJ size and N-cadherin load were distinct.
In VSMCs, no relationship between AJ size and N-cadherin load was observed. In neurons, we observe that larger SJs, as well as those that were induced to maturity through glycine exposure, exhibit larger tensions. Furthermore, we demonstrate that NMII activity is required for normal Src signaling in the SJs. Together this data demonstrate that N-cadherin can mediate cell-type specific mechanical responses and that mechanosensitive signaling occurs with SJs.
Typically, mechanical loading of cadherins is thought to require trans-interactions between cadherins on adjacent cells as well as mechanical linkages to the to the force generating actomyosin cytoskeleton [72] . Consistent with this notion, mechanical loading of N-cadherin was limited to areas within cell-cell contacts, where trans-interactions between cadherins and connections of cadherin cytoskeleton are enriched. In contrast, the first measurements of the forces of E-cadherin in MDCK cells with a molecular tension sensor revealed constitutive loading both inside and outside of AJs [8] . Notably, measurements of VE-cadherin loading in endothelial cells revealed loading only within AJs [9] , consistent with requirements for trans-interactions and linkages to the actomyosin cytoskeleton. Direct comparison of these data is complicated by a variety of factors, including the fact that the tension sensors have different designs. In the Ecadherin sensor, the TSMod-F is placed between the transmembrane domain and the p120-catenin binding site [8] . In the VE-Cadherin and N-cadherin sensors, the TSMod-F was placed between the p120-catenin and β-catenin binding sites [9] . Recent advances have demonstrated that different localizations within the same protein can support differing loads [73] . Therefore, the presence or absence of constitutive cadherin loading could be due to differences in the various cadherins, cell types, or sensor design. Distinguishing between these possibilities could reveal important aspects of tissue-specific AJ mechanobiology and is an important aspect of future work.
Now pioneering work has clearly established that the E-cadherin and VE-cadherin
containing AJs within epithelial and endothelial cells respond to mechanical force [7, 74] . Common responses are changes in assembly dynamics of AJs, often referred to as mechanosensitive assembly or adhesion strengthening, and the activation of mechanosensitive signaling pathways [4] . These mechanosensitive responses can be initiated by externally-applied forces, such fluid shear stress, as well as the internal-generated forces due to actin polymerization or NMII activity.
Here we observed that N-cadherin bears load in multiple types of adhesion structures. Previous work has shown that N-cadherin recruitment to SJ is increased during maturation [42] . Here, we showed that N-cadherin loads also increase during maturation. Additionally, acute inhibition of NMII destabilizes synaptic connections [33, 50] . Furthermore, loads increase in response to synapse maturation, and are required for Src-mediated phosphorylation of GluN2B at Tyr 1252, a key event in synaptic potentiation. In combination, these data suggest that mechanosensitive assembly and signaling occur in SJs and may play a key role in physiological processes like LTP.
Mechanosensitive assembly is often understood as a form of homeostatic regulation, where adhesion assembly increases in response to an applied load to maintain a constant stress or force per molecule [54, 75] . The mechanosensitive nature of adhesion structures can be probed through analysis of loads in a structure and the size of the structure. Analysis of molecular loads supported by E-cadherin within AJs of epithelial cells was constant across adhesion of various sizes, consistent with homeostatic regulation [54] . A key next step will be further elucidating the mechanosensitive signaling pathways activated by the loading of AJs and SJs. Notably, the presence or absence of homeostatic mechanisms in adhesion structures would likely affect the dynamics of mechanosensitive signaling. Adhesion structures subject to homeostatic regulation would be expected to generate only transient signals that would terminate upon return of the system to the homeostatic set-point.
In the absence of homeostatic signaling, N-cadherin and other components of the SJ, as Ncadherin is not known to bind directly to actin, will be maintained in various loaded conformations as SJs mature. This would enable the maintenance, or perhaps even the alteration, of mechanosensitive signaling as loads increase with longer assembly. This may be key to the complex signaling that likely underlies likely complex long-term biological processes, such as synaptic maturation and LTP. Here we have established a correlation between NMII-activity and Src activity. Notably, the RhoGTPases are also known to be subject to mechanosensitive regulation and play key roles in AJ assembly as well as synapse development. In particular, the regulation of RhoGTPases during LTP consolidation is particularly complex. Excitatory stimulation, which promotes NMII-driven synaptic forces (Fig. 5) , results in coincident activation of the RhoGTPases, Rac1, Cdc42, and RhoA [76] . RhoA initiates LTP, while Rac1 supports later LTP consolidation [77] . Notably, key regulators of RhoGTPases that preferentially affect each stage of synaptic development, including a variety of GEFs and GAPs as well RhoGDI, have been identified [78] . A major question for future work will be determine if these regulators are subject to mechanosensitive regulation.
In summary, we have created a novel biosensor for visualizing and studying the forces across N-cadherin. We demonstrated that the sensor functions in multiple systems with very different adhesive structures. Comparison of the regulation of loading in N-cadherin during junctional assembly led to the observation of two forms of adhesion strengthening, one consistent with previously observed homeostatic mechanisms and another where loads increased as adhesion assemble. We suggest that the latter form of adhesion strengthening may enable either prolonged, or distinct forms of, mechanosensitive signaling. N-cadherin is a key regulator of many fundamentally important cellular processes and is expressed in a wide variety of load-bearing and/or force-generating cells. Therefore, the development and validation of this novel sensor will enable a wide variety of studies in mechanobiology.
Materials and Methods:
Generation of NCadTS and Control Constructs
The pcDNA 3.1 NCadTS expression construct was generated using overlap extension PCR [5] using Phusion Polymerase (New England BioLabs). The forward and reverse primers 5' CCA CAG TAC CCA GTC CGA TCC GCA GCC ATG GTG AGC AAG GGC GAG GAG ACC ACA ATG GGC 3', and 5' AAT GAA GTC CCC AAT ATC CCC AGG GTG TGG CTT GTA CAG CTC GTC CAT GCC GAG AGT GAT 3', respectively, were used to create a mega primer that could be used to insert TSMod-F at amino acid 826 of murine N-Cadherin. To create a suitable template for the insertion primer, N-Cadherin-EGFP (Adgene plamid #18870) was altered using forward and reverse primers, 5' G GTG GAA TTC GCC ATG TGC CGG ATA GCG GGA GCG The NcadTS intermolecular FRET controls, pcDNA3.1 NcadTS-dmTFP1 and pcDNA3.1
NcadTS-dVenus, were generated by PCR using pcDNA3.1-NCadTS as the template. Forward and reverse primers were generated for both constructs to induce a Y72L or Y67L amino acid switch within the respective mTFP1 and mVenus chromophores, respectively. Specifically, the 
Western Blot Analysis
Western Blots were performed following standard protocols. Briefly, following cell wash and lysis Scientific), and the signal was detected on X-ray film (Kodak, Rochester).
Imaging of VSMC Lines
Imaging techniques follow precedent from our previously published work [7] . Samples were imaged at 60x magnification (UPlanSApo 60X/NA1.35 Objective; Olympus) using epifluorescent microscopy on an Olympus inverted fluorescent microscope (Olympus IX83) illuminated by a LambdaLS equipped with a 300W ozone-free xenon bulb (Sutter Instrument).
The images were captured using a sCMOS ORCA-Flash4.0 V2 camera (Hamamatsu Photonics). The FRET images were acquired using a custom filter set comprised of an mTFP1 antibiotic-antimycotic solution (Sigma Aldrich) was utilized. Samples were imaged for less than 60 mins to reduce issues due to lack of CO2 control.
FRAP Analysis
Calculation of FRAP recovery was accomplished as previously described [60] . Briefly, user-defined polygons were used to outline a background region outside the cells, the initial position of an unbleached AJs, and the initial position of a bleached AJs. The AJ polygons were refined using the water algorithm [79] with user-optimized parameters, and were automatically moved to account for small (2-10 pixels) movements. For bleached AJs, the position of the polygon was held constant until the intensity of the AJ reached a user-defined threshold, typically 25% of the initial intensity. AJs that grew, shrank, or moved drastically during the experiment were not analyzed.
The recovery curve was normalized to account for initial intensity, background intensity, and global bleaching. Normalizing for global photobleaching was performed by tracking adhesions that were not specifically photobleached, according to previously established methods [80] . The normalized recovery curve was then fit to a single exponential recovery equation:
where is the final recovery, is the initial recovery, and is the recovery rate. The half-time of the recovery is determined by 1/2 = ln 2/ .
Determination of FRET Efficiency and Molecular Forces in AJs
FRET was detected through measurement of sensitized emission [64] and quantified using custom written code in MATLAB (Mathworks, Natick, MA). A complete description of the FRET efficiency calculations can be found in our previous publications [66, 81] . Prior to FRET calculations, all images were first corrected for uneven illumination, registered, and backgroundsubtracted. Spectral bleed-through coefficients were determined through FRET-imaging of donor-only and acceptor-only samples (i.e. cells expressing a single donor or acceptor fluorescent protein). Donor bleed-through coefficients ( ) were calculated for mTFP1, and acceptor bleed-through coefficients ( ) were calculated for mVenus. To correct for spectral bleed-through in experimental data, corrected FRET images (Fc) were generated following the equation:
where is the intensity in the FRET-channel, is the intensity in the donor-channel, and is the intensity in the acceptor-channel. After bleed-through correction, FRET efficiency was calculated following the equation:
where G is a proportionality constant that describes the increase in acceptor intensity (due to sensitized emission) relative to the decrease in donor intensity (due to quenching) [64] . Towards ensuring that there is a relatively equal stoichiometric abundance of donor and acceptor fluorophores, a donor-per-acceptor (DPA) ratio is calculated and junctions with average DPA ratios less than 0.5 or greater than 1.5 are excluded from analysis.
To quantify characteristics of individual AJs, closed boundaries were drawn by the user based on the unmasked acceptor-channel image around AJs of interest. Junctions for all Ncadherin sensor constructs, imaged both live and fixed in 4% PFA, were segmented based solely on a pixel intensity threshold of 1000 in the acceptor channels. Junctions where remaining pixels summed to less than 2 µm 2 were excluded from analysis, otherwise average FRET efficiency, average acceptor and donor intensity, AJ area, and DPA were calculated
To measure FRET efficiency in the cell membrane, boundaries were drawn by the user based on the unmasked acceptor-channel image around entire cells except regions with AJs.
Pixels with an intensity greater than 500 within the cell boundaries were analyzed for their average FRET efficiency, average acceptor and donor intensity, total area, and DPA. Cell membrane areas junctions with average DPA ratios greater than 0.5 or less than 1.5 were excluded from analysis.
Imaging of neurons
Confocal images were acquired on a laser scanning Olympus Fluoview 1000 microscope 
FRET imaging and analysis in Synaptic Junctions
Ratiometric FRET images of max intensity Z projections of the acquired mTFP1 and mVenus images were created using ImageJ for analysis or the Biosensor Processing Software 2.1 available from the Danuser laboratory for removal of background for visualization (University of Texas Southwestern, Dallas, TX) [82] . Analysis of the resulting FRET images was performed with Image J software.
Statistics
For VSMCs, statistical analyses were performed using JMP Pro 13 software (SAS).
Approximately normal data were analyzed using ANOVAs and Student's t-test to determine if statistically significant differences (p < 0.05) were present between groups. Data sets found to be normally distributed but exhibiting unequal variances as determined by Levene's test were analyzed with a one-way Welch's Anova and combined before multiple comparisons were analyzed using the Steel-Dwass test. A summary of relevant non-parametric multiple comparisons for FRET data is available in the supplement (Sup. Table 1 ). For neurons, statistical analysis was performed using Sigma Plot 13.0. Data was assessed for normality using the Shapiro-Wilk test. Data that had a normal distribution was analyzed using the Student's t-test to assess statistical significance. Alternatively, the Mann-Whitney Rank Sum Test was used. The statistical test used is indicated in each figure legend.
